The purpose of this study was to evaluate a nOllinvasive method for estimation of pulplOnary artery pressures in infants and children with interventricular communica• tions. Systolic pulmonary artery pressures measured by cardi~c catheterization were compared with those esti. mated by Doppler echocardiography. Pressure drops were measured by Doppler study (modified Bernoulli equa• tion) anJl were referenced to systolic systemic arterial pressure measured by sphygmomanometry.
The purpose of this study was to evaluate a nOllinvasive method for estimation of pulplOnary artery pressures in infants and children with interventricular communica• tions. Systolic pulmonary artery pressures measured by cardi~c catheterization were compared with those esti. mated by Doppler echocardiography. Pressure drops were measured by Doppler study (modified Bernoulli equa• tion) anJl were referenced to systolic systemic arterial pressure measured by sphygmomanometry.
All 25 patients in this study had either a ventricular septal defect or a single ventricle. The systolic pulmonary artery pressure measured by cardiac catheterization ranged from I~ to 100 mm Hg (mean ± SD 44 ± 26) Quantification of pulmonary artery pressure in infants and children with congenital heart disease is frequently neces• sary to gllide decision making concerning medical and sur• gical management. To date. cardiac catheterization is the established method for measuring pulmonary artery pres• sure. but it is invasive. carries some risk and can be repeated only infrequently. Because of these limitations. a nonin• vasive method for accurate measurement of pulmonary ar• tery pressure is desirable.
Doppler echocardiography allows estimation of pulmo• nary artery pressure by evaluation of the Doppler pulmonary velocity curve. Presence of an A wave and time to peak velocity of greater than 100 ms are associated with normal pulmonary artery pressure (I). Time to peak velocity short• ens in proportion to increased pulmonary pressure with a fair degree of accuracy (1) (2) (3) .
Doppler studies (4) (5) (6) (7) have demonstrated accurate quan• tification of pressure drops across stenotic orifices by use of the modified Bernoulli equation. These include studies of stenotic aortic and pulmonary valves (4.5.8-11). pul-= 0.04). This study demonstrates that Doppler echo• cardiography can closely approximate systolic pulmo• nary artery pressure in patients with interventricular communications.
(J Am Coil CardioI1985;6:1 132- 7) monary artery bands (4.11) and restrictive ventricular septal defects (12) . The purpose of this study was to evaluate a more precise noninvasive method for prediction of pul• monary artery pressure in pediatric patients with interven• tricular communications. In these patients. systolic pul• monary artery pressure measured at cardiac catheterization was compared with values calculated from pressure drops estimated by Doppler recording. A Doppler pressure drop was referenced to systolic systemic arterial pressure mea• sured by sphygmomanometry.
Methods
Study patients. The study group consisted of 25 infants and children with congenital heart disease. All had either a ventricular septal defect or a single ventricle. Each had pulmonary artery pressure measured at cardiac catheteriza• tion. Doppler echocardiographic estimation of systolic pul• monary artery pressure was obtained in 20 (80%) of the patients without knowledge of pulmonary artery pressure obtained at cardiac catheterization; in all but I patient, Dop• pler measurements were obtained within 24 hours of cardiac catheterization. In the other five patients, the Doppler mea• surements were obtained I. Table 1 . Doppler echocardiographic procedure. All patients were examined in the supine or left lateral decubitus posi• tion. Uncooperative patients were given chloral hydrate (50 mg/kg orally) 30 minutes before evaluation for purposes of obtaining Doppler echocardiographic evaluations under op• timal conditions. Systolic systemic blood pressure was ob• tained by an appropriately sized cuff on the right arm with the patient supine. In young infants, a peripheral vascular continuous wave Doppler instrument was used to determine systolic systemiC blood pressure during sphygmomanometry.
Doppler echocardiography was performed for each pa• tient with a Honeywell ultrasonoscope. Initially, a standard real-time two-dimensional imaging study was done to assess anatomy. A standard pulsed Doppler examination (5) was then performed to assess velocities distal to each valve and across the aortic and pulmonary outflow tracts, ventricular septal defect and right ventricular muscle bundles when present. If velocities exceeded the pulsed Doppler Nyquist limit, a high pulse repetition frequency system (Honeywell) or continuous wave, Doppler system (Irex) was employed.
Both were capable of recording velocities of 7 m/s or higher.
Aortic outflow tract Doppler interrogation was obtained principally from the suprasternal notch. In some patients, interrogation was performed from an apical four chamber or subcostal short -axis view.
Pulmonary outflow tract Doppler interrogation was ob• tained from the parasternal short-axis, subcostal short-axis or, in some patients, the suprasternal notch plane. When continuous wave Doppler echocardiography was used, the pulmonary outflow tract was interrogated "blindly" from the midclavicular line, parallel to the nipple, with the trans• ducer aimed superiorly, or from the subcostal plane with the transducer aimed into the right ventricular outflow tract.
Ventricular septal defects were interrogated perpendic• ularly to the septum from a parasternal long-axis plane or; in some patients, the Doppler sample beam could be placed perpendicularly to the septum in the subcostal long-axis plane. Maximal transventricular septal defect velocities were obtained by finding the precordial location of a systolic thrill and interrogating from that site. Because the interventricular septum lies perpendicularly to the coronal plane in patients with I-transposition, interrogation in this group was accom• plished by placing the transducer along the left sternal border and aiming laterally.
Calculation of systolic pulmonary pressure. Figure 1 demonstrates the method used to calculate pulmonary artery pressure. The highest velocities for any single beat were chosen for measurement. If peak Doppler velocities were greater than 150 cm/s, a jet lesion was considered and the pressure difference across either the semilunar valves or the interventricular septum was calculated.
Systolic systemic arterial pressure was measured in the right arm. This value was assumed to be equal to ascending aortic pressure in all patients (none had supravalvular aortic stenosis or coarctation of the aorta with an aberrant right subclavian artery). Next, the aortic outflow tract was inter• rogated by Doppler echocardiography. If peak velocity was 150 criils or less, ventricular systolic pressure proximal to the aortic valve was considered equal to cuff blood pressure measurement. In cases of single ventricle, this measurement represented systolic pressure in the ventricle, and in cases of transposition, it represented right (systemic) ventricular systolic pressure. If peak velocity across the aortic outflow tract was greater than 150 cm/s, the aortic pressure drop was calculated using the modified Bernoulli equation (4,5): Ai> = 4 y2, where AP = pressure gradient and Y = Doppler velocity distal to obstruction. In aortic outflow tract obstruc• tion, a left ventricular to aortic pressure drop was added to the systemic systolic cuff pressure to determine approximate peak systolic ventricular pressure. Peak velocity across a ventricular septal defect was then determined. If peak velocity was 150 cm/s or less, the in• terventricular communication was considered nonrestrictive with no pressure difference between the two ventricles. If peak velocity was greater than 150 cm/s, the pressure dif-ference between the two ventricles was calculated, Because pressure in the ventricle from which the aorta arose had already been determined, subtracting the pressure difference across the ventricular septal defect allowed calculation of pulmonary ventricular pressure. In ventricular arterial con• cordance, this would be the right ventricle and in ventricular arterial discordance, either d-or I-transposition, this would be the left ventricle.
Doppler interrogation of the pulmonary outflow tract was then performed, and a pressure gradient, if present, was calculated. Subtracting this pressure gradient from the sys• tolic pulmonary ventricular pressure allowed calculation of systolic pulmonary artery pressure.
If a gradient occurred within the right ventricle, that is, anomalous right ventricular muscle bundles, this pressure gradient was subtracted from the proximal pulmonary ven• tricular pressure to calculate distal pulmonary ventricular pressure proximal to the right ventricular outflow tract.
Catheterization procedure. For comparison of Doppler pulmonary artery pressure estimates, systemic and pulmo• nary artery pressures were measured at cardiac catheteriza• tion with fluid-filled catheters coupled to Statham 23 dB transducers, Patients younger than I year of age were se• dated with chloral hydrate, and older patients were sedated with a combination of meperidine (Demero\), sodium pen• tobarbital and chlorpromazine (Thorazine). Pressures were measured before angiography.
Data evaluation. Systolic pulmonary artery pressures measured at cardiac catheterization were compared with those estimated by Doppler echocardiography by correlation analysis and paired t testing. A probability (p) value of 0.05 or less was considered significant. Group data were ex• pressed as range and mean ± I SO.
Because not all patients had Doppler echocardiograms performed within 24 hours of cardiac catheterization, sys• tolic systemic to pulmonary artery pressure ratios were com• pared to correct for differences in pulmonary artery and systemic pressures that could have been temporally related.
Results
Doppler-versus catheterization-measured pressures ( Table 1) . Systolic pulmonary artery pressures measured at cardiac catheterization ranged from 15 to 100 mm Hg (mean ± SD 44 ± 26) and those measured by Doppler echocardiography ranged from 5 to 100 mm Hg (mean 43 ± 26) (p = NS; r = 0.92; SEE = 9.9; slope = 0.92; y intercept = 4.7) (Fig. 2) . Systolic pulmonary artery to aortic pressure ratios measured at cardiac catheterization ranged from 0. (Fig. 3) . Representative example of technique: complex con• genital heart defect. This patient (Case 15), aged 9 months, had d-transposition of the great arteries, ventricular septal defect and pulmonary stenosis. Figure 4A shows aortic ve• locity obtained from the subcostal short-axis plane. Because aortic velocity was 100 cmls, the right ventricular (systemic) pressure of 85 mm Hg approximated the arm blood pressure of 85 mm Hg. Figure 4B demonstrates transventricular sep• tal Doppler velocities. Velocities were predominantly away from the transducer (below the baseline) with a peak of approximately 70 cmls; thus, the defect was nonrestrictive.
Suprasternal notch pulmonary artery Doppler interrogation by the high pulse repetition frequency method and contin• uous wave Doppler examination showed peak velocities of 400 cmls (Fig. 4C and D) ; hence, valvular pulmonary ste• nosis was present with a gradient of 64 mm Hg. Because the left ventricular systolic pressure of 85 mm Hg approx- imated the right ventricular pressure (85 mm Hg), when the 64 mm Hg gradient across the pulmonary valve was sub• tracted, the pulmonary artery pressure was calculated at 21 mm Hg, The value of the ratio of pulmonary artery to aortic pressure was 0,2, At cardiac catheterization, systolic pul• monary pressure was 21 mm Hg, and the pulmonary to aortic pressure ratio was 0,2.
Discussion
Our study demonstrates that systolic pulmonary artery pressure can be accurately estimated by Doppler echocardi• ography in infants and children with congenital heart disease if an interventricular communication exists. This method of measurement has significant clinical utility, especially be• cause it is a noninvasive procedure that allows serial eval• uation of pUlmonary artery systolic pressure in pediatric patients with congenital heart defects.
Underestimation of pulmonary artery pressure. When peak velocity was obtained, the calculated pressure drop from Doppler study did not significantly exceed the gradient measured at cardiac catheterization. Accordingly, this method did not underestimate pulmonary artery pres• sure. Pulmonary artery pressure estimated by Doppler study was rarely less than a few millimeters of mercury different from pressure measured at cardiac catheterization. Clini• cally, these small differences are not important.
Overestimation of pulmonary artery pressure. The Doppler method can, however, significantly overestimate pulmonary artery pressure if proper peak jet velocity is not obtained across the interventricular communication or pul• monary outflow tract. In this case, a low estimated gradient will lead to a higher estimate of pulmonary artery pressure. Overestimation occurred in one patient (Case 5, asterisk in Fig. 2 and 3) . Because of Doppler-estimated pulmonary artery hypertension, the patient underwent cardiac cathe• terization, which demonstrated a much lower pulmonary artery pressure than that suggested by Doppler examination. When subsequent Doppler echocardiography was performed (data are in brackets, Table I ), peak jet velocity across the ventricular septum was adequately measured and an accurate pressure estimate was then obtained.
Practical examination guidelines in measurements of jet velocities. Several concepts emerged to enhance the probability of success in aligning with the jet. First, good visualization of intracardiac anatomy is paramount. Second, Doppler interrogation guided by imaging echocardiography is helpful. Ventricular septal defect or pulmonary artery thrill location aided in transducer placement. The transducer was aimed initially in the direction where the jet lesion should occur, but this location did not always correspond to typical echocardiographic imaging planes. Interrogation was continued in the general area by movement of the trans-ducer in all three planes until the highest jet velocity was obtained. No angle correction was used. The velocity en• velopes were required to have a well rounded contour with the high intensity Doppler velocities on the perimeter of the envelope (Fig. 4C and D) .
Conclusion. This study demonstrates that Doppler echo• cardiography can closely estimate systolic pulmonary artery pressure in patients with interventricular communications. If peak jet velocity is not adequately obtained, pulmonary artery pressure can be overestimated, but with careful Dop• pler technique, this overestimation should not commonly ocCur. Systolic pulmonary artery pressure should not be significantly underestimated. This method of noninvasive estimation of systolic pulmonary artery pressure in patients with congenital heart disease has significant clinical utility.
